LMO2 (LIM domain only 2), also known as rhombotin-2, is a transcriptional regulator that is essential for normal haematopoietic development. In malignant haematopoiesis, its ectopic expression in T cells is involved in the pathogenesis of leukaemia. LMO2 contains four zinc-finger domains and binds to the ubiquitous nuclear adaptor protein Ldb1 via the LIM-interaction domain (LID). Together, they act as scaffolding proteins and bridge important haematopoietic transcription factors such as SCL/Tal1, E2A and GATA-1. Solving the structure of the LMO2:Ldb1-LID complex would therefore be a first step towards understanding how haematopoietic specific protein complexes form and would also provide an attractive target for drug development in anticancer therapy, especially for T-cell leukaemia. Here, the expression, purification, crystallization and data collection of a fusion protein consisting of the two LIM domains of LMO2 linked to the LID domain of Ldb1 via a flexible linker is reported. The crystals belonged to space group C2, with unit-cell parameters a = 179.9, b = 51.5, c = 114.7 Å , = 90.1
Introduction

LMO2 (LIM domain only 2) is a member of the LIM-only (LMO)
family of LIM domain-containing transcriptional cofactors. LIM domains are 55-residue cysteine-rich structural units composed of two zinc fingers linked by a two amino-acid residue hydrophobic linker. LIM domain-containing proteins are believed to play crucial roles in many essential cellular processes such as cell growth, trafficking, cytoskeletal organization, differentiation and apoptosis (Zheng & Zhao, 2007; Bach, 2000) by mediating protein-protein interactions through their zinc-finger domains. Specifically, the presence of a tandem of LIM domains in the LMO proteins confers on them the potential to engage in multiple protein-protein interactions.
LMO2 is a 158-amino-acid nuclear protein composed of two LIM domains and a small N-terminal transactivation domain. LMO2 plays a central role in haematopoietic stem-cell development, erythropoiesis and angiogenesis (Warren et al., 1994; Yamada et al., 2000; Yamada et al., 1998) . Upon chromosomal translocations or biallelic transcriptional activation, its ectopic expression is involved in the pathogenesis of T-cell acute lymphoblastic leukaemia (T-ALL; Boehm et al., 1991; Ferrando et al., 2004) . In normal haematopoiesis, LMO2 interacts with the ubiquitously expressed protein Ldb1 [also known as CLIM (LIM homeobox protein cofactor) or NLI (nuclear LIM-domain interactor)]. Ldb1 comprises a 39-amino-acid C-terminal LIM-interaction domain (LID) that mediates interaction with all LMO proteins and LIM homeodomains (Jurata & Gill, 1997; Kadrmas & Beckerle, 2004) and an N-terminal dimerization domain (Jurata & Gill, 1997) complexes are believed to be involved in tumorigenesis in T-ALL (Grutz et al., 1998; Herblot et al., 2000; Ono et al., 1998) . Interestingly, a role for LMO2 in B-cell lymphomas (Natkunam et al., 2007) and prostate cancer (Ma et al., 2007) has also been reported. Consequently, LMO2 has become a very attractive anticancer drug target. Efforts are currently focused on designing peptides and/or intrabodies that are able to disrupt transcriptional complexes containing LMO2 (Nam et al., 2008; Appert et al., 2009) .
NMR structures of the N-terminal LIM domains of LMO4 and LMO2 in complex with the Ldb1 LID domain (Ldb1-LID; PDB codes 1j2o and 1m3v, respectively; Deane et al., 2003) provided the first examples of LIM:Ldb1-LID complexes and highlighted the residues responsible for the interactions of the N-terminal LIM domains. The structure of both LIM domains of LMO4 fused to Ldb1-LID has also been solved by X-ray crystallography (LMO4:Ldb1-LID; PDB code 1rut; Deane et al., 2004) ; however, the structure of the two-LIM-domain LMO2 in complex with Ldb1-LID has not been reported to date. Despite their 46% sequence identity, LMO2 and LMO4 have different functions and binding partners and bind Ldb1 with different affinities (Ryan et al., 2006) . In order to obtain insights into the mechanism of action of LMO2 and to detail its binding interface with the Ldb1-LID domain, we set out to solve the structure of the LMO2:Ldb1-LID complex. Here, we report its production, crystallization and preliminary diffraction analysis.
Material and methods
Cloning and purification
The LMO2:Ldb1-LID construct consists of human LMO2 (residues 26-153) fused to the Ldb1-LID fragment (residues 336-368) via an 11-residue linker (GGSGGHMGSGG; Fig. 1 ). The sequence coding for the fusion protein was obtained as described previously (Deane et al., 2001) . Briefly, the LMO2-linker insert was produced by PCR using primers 1 (5 0 -CGG GAT CCA TCC CTG CTG ACA TGC GGC GG) and 2 (5 0 -GCC ACC GGA ACC CAT ATG ACC GCC GCT GCC ACC CCC ATT GAT CTT AGT CCA CTC) and linkerLdb1-LID was produced using primers 3 (5 0 -GGT GGC AGC GGC GGT CAT ATG GGT TCC GGT GGC GAT GTG ATG GTG GTG GGG GA) and 4 (5 0 -GGA ATT CTC ACT ATT ACT CGT CGT CAA TGC CGT TGG). The full-length construct was obtained by a third PCR using primers 1 and 4. The insert encoding LMO2:Ldb1-LID was cloned into the pETduet vector (Novagen) between BamHI and EcoRI restriction sites.
The plasmid pETduet-LMO2:Ldb1-LID encoding N-terminally 6ÂHis-tagged protein was transformed into Rosetta (DE3) pLysS. Growth was carried out at 310 K in Luria broth (LB) supplemented with 50 mg ml À1 ampicillin until the absorbance at 600 nm reached 0.7. Expression of the fusion protein was induced by the addition of 1 mM isopropyl -d-1-thiogalactopyranoside (IPTG) and growth was continued for 16 h at 303 K. The cells were harvested by centrifugation and resuspended in 50 mM sodium phosphate pH 7.4, 500 mM NaCl, 10 mM imidazole and 0.2%(v/v) Tween-20. The cells were then disrupted by sonication on ice and the lysate was clarified by centrifugation.
The supernatant was applied onto an Ni 2+ -charged chelating column equilibrated with lysis buffer without detergent. The protein was eluted with a gradient of imidazole. Fractions containing LMO2:Ldb1-LID were pooled for additional purification using a S75 gel-filtration column (GE Healthcare) with 20 mM Tris pH 7.4, 300 mM NaCl and 1 mM DTT. Fractions containing LMO2:Ldb1-LID were pooled and concentrated to 20 mg ml À1 using Amicon columns.
Crystallization and data collection
All crystallization experiments were performed at 295 K using the sitting-drop vapour-diffusion method. Initial screening of 768 conditions belonging to various kits from Hampton Research and Emerald BioStructures was carried out using Cartesian Honeybee X8 dispensing robots to pipette 100 nl protein solution and 100 nl precipitant solution into single drops in 96-well Greiner plates (Walter et al., 2005) . Crystals appeared after a day and further optimization was performed in 24-well Linbro plates, mixing 2 ml protein solution with 1 ml reservoir solution and equilibrating the drop against 500 ml reservoir solution. The best diffracting crystals grew within one week of setup in 1.6 M NaCl, 100 mM citrate pH 5 and 1 mM DTT (Fig. 2) . For data collection, crystals were briefly immersed in 4 M sodium malonate pH 5.0 prior to flash-cooling in a nitrogen-gas stream. The Zn atoms of the LIM zinc-finger domains were used as anomalous scatterers for structure determination using the multiple-wavelength anomalous dispersion (MAD) method. Data sets were collected from a single crystal of LMO2:Ldb1-LID on beamline BM14 at the ESRF, Grenoble, France using a MAR CCD 225 detector with an oscillation of 1 , an exposure time of 60 s and a crystal-to-detector distance of 242.4 mm. Following a broad X-ray excitation scan of the crystal, data were collected at three wavelengths near the zinc absorption edge (peak 1 = 1.28226 Å with f 0 = À7.5, f 00 = 5.4, inflection 2 = 1.28267 Å with f 0 = À10.2, f 00 = 2.9 and high-energy remote 3 = 1.27565 Å ; Table 1 ). Indexing, integration and scaling were carried out using HKL-2000 (Otwinowski & Minor, 1996) . 
Results and discussion
LMO2:Ldb1-LID was expressed as a soluble 6ÂHis-tagged protein with a yield of about 5 mg of pure protein per litre of LB culture. Analysis of the data from size-exclusion chromatography indicated that LMO2:Ldb1-LID behaves as a monomer in solution (data not shown). LMO2:Ldb1-LID crystallized in a variety of different conditions, all with a high salt concentration (>1.5 M) and a low pH (<6). The LMO2:Ldb1-LID crystals (Fig. 2 ) used for data collection had typical dimensions of 50 Â 50 Â 50 mm and appeared to be multiple upon visual inspection. Generally, LMO2:Ldb1-LID crystals diffracted poorly (<4.0 Å ) and analysis of the diffraction data indicated the presence of more than one lattice. Consecutive rounds of annealing greatly improved the diffraction quality and resolution limits of the crystals. Following this strategy, it was possible to collect data from a single crystal which diffracted to 2.8 Å resolution and presented only two predominant lattices. A three-wavelength MAD data collection at the Zn absorption edge was carried out on beamline BM14 using this crystal. Despite the presence of two crystal lattices, the diffraction spots could be indexed and scaled in either crystal orientation (Fig. 3) , resulting in two data sets of equal quality (as judged by the data-collection statistics; Table 1 ). The two data sets could also be scaled together into a single data set belonging to the monoclinic space group C2, with unit-cell parameters a = 179.9, (Table 1) . Despite a -angle value very close to 90
, it was not possible to scale the data in orthorhombic space groups. Matthews coefficient analysis predicted five LMO2:Ldb1-LID molecules per asymmetric unit of the crystal, with a V M value of 2.4 Å 3 Da À1 and a solvent content of 49% (Matthews, 1968) .
Molecular-replacement algorithms (MOLREP and Phaser; Vagin & Teplyakov, 1997; McCoy, 2007) were unable to solve the structure of LMO2:Ldb1-LID despite the availability of a 50% identical model (LMO4:Ldb1-LID; PDB code 1rut; Deane et al., 2004) . As well as both LIM domains together, the individual LIM domains of LMO4 were unsuccessfully used as search models, suggesting a difference in the configuration of the LMO2 and LMO4 proteins. Despite the strong anomalous signal from the naturally occurring Zn atoms in LMO2:Ldb1-LID (four zincs per LMO2:Ldb1-LID, 20 zincs per asymmetric unit) as judged by the anomalous signal of 6.9-8 Å observed in SHELXC (Pape & Schneider, 2004) , it was initially not possible to find the positions of the Zn atoms when using either of the two individual data sets. Only when the two data sets were scaled and merged together (Table 1) was it possible to solve the anomalous scatterer substructure by determining and refining the position of the 20 Zn atoms per asymmetric unit with an overall figure of merit of 0.7. The serendipitous presence of the two lattices aided structure solution by providing us with the possibility of collecting twice the number of reflections from the outset, minimizing the radiation damage and improving the recorded anomalous signal. Zinc-site determination, phasing, density modification and initial model building were performed using PHENIX AutoSol and AutoBuild (Adams et al., 2002) . More recently, crystals of LMO2:Ldb1-LID displaying a different morphology (plates) and belonging to space P2 1 were obtained that contained one molecule in the asymmetric unit and diffracted to a resolution of 2.4 Å . Structure refinement and analysis of the two crystal forms is under way. 
